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Surface alloys are highly flexible materials for tailoring the spin-dependent properties of surfaces.
Here, we study the spin-dependent band structure of a DyAg2 surface alloy formed on an Ag(111)
crystal. We find a significant spin-splitting of the localized Dy 4f states and the formation of a
parabolic hole-like Dy-Ag hybrid surface state with two exchange split spin branches. Our exper-
imental findings are identified by density functional theory as clear spectroscopic fingerprints for
a long range ferromagnetic order of the localized Dy moments which is mediated by an indirect
exchange coupling via electrons of the hybrid surface state.
The growing demand for next generation information
technology with higher data processing speed and data
storage capacity has triggered the quest to design novel
materials with exotic spin structures. A particular ef-
fort has been devoted to reduce the size of the spintronic
assemblies, which allows one to generate and manipu-
late spin-polarized charge carriers on ever smaller length
scales ultimately down to the single layer limit1–3. In this
context, a highly tunable class of materials are surface al-
loys consisting of heavy metal and noble metal atoms4–9.
These 2D binary systems can be fabricated in long-range
ordered superstructures on noble metal surfaces in which
every third surface atom of the noble metal host material
is replaced by a heavy metal atom (Pb, Bi and Sb) of the
alloy species.
For spintronic applications, these binary systems are
highly intriguing materials due to their spin-dependent
band structure. The direct hybridization between both
atomic species of the surface layer and underlying sub-
strate layers results in the formation of a new hole-
like hybrid surface state showing a Rashba-type spin
splitting4–9. Crucially, the magnitude of this Rashba-
type spin splitting therein depends on the atomic spin-
orbit coupling strength10,11 as well as on the vertical
relaxation5,12 of the surface atoms. Both material param-
eters can be manipulated either by replacing the atomic
species of the alloy or the host material or by the for-
mation of tailored bonds between the alloy atoms and
molecular adsorbates13,14. These different external con-
trol mechanisms hence provide a clear route to function-
alize 2D Rashba-type surface alloys according to the de-
sired field of application.
So far, however, the concept of band structure engi-
neering by surface alloying has mainly been limited to
non-magnetic systems and has not been explored for fer-
romagnetic surface alloys. This is mainly due to the fact
that the existence of long-range magnetic order was only
recently demonstrated for 2D surface alloys consisting of
the rare-earth material gadolinium (Gd) and the noble
metals Ag and Au15,16. While Ormaza et al.15 were able
to reveal the Curie temperature as well as the direction of
the magnetic anisotropy axis in both systems, the spin-
dependent electronic band structure in the ferromagnetic
phase of 2D surface alloys is still elusive.
In this Letter, we provide a comprehensive view onto
the spin-dependent electronic properties of a 2D surface
alloy consisting of the rare-earth dysprosium (Dy) and
the noble metal silver grown on an Ag(111) single crys-
tal surface. We have selected Dy instead of Gd since the
non-vanishing orbital moment of Dy in contrast to Gd
can lead to a more pronounced correlation between the
vertical relaxation of the alloy atoms with respect to the
surface plane and the spin-dependent electronic surface
band structure, in analogy to the non-magnetic Rashba-
type surface alloys5,12. To study the band structure of
the 2D surface alloy, we employ spin- and momentum-
resolved photoemission using the combination of state-
of-the-art time-of-flight momentum microscopy17,18 with
an imaging spin filter19,20. This novel experimental ap-
proach allows us to access the spin-dependent band struc-
ture of the 2D surface alloy throughout the entire Bril-
louin zone in a fixed experimental geometry and hence
to disentangle the spectroscopic fingerprints of localized
Dy 4f states and novel Dy-Ag hybrid surface states from
the manifold of back-folded substrate bands. The lat-
ter appear due to the formation of a long-range ordered
superstructure21–23. Our experimental findings are dis-
cussed in the light of density functional theory (DFT)
calculations allowing us to predict the magnetic proper-
ties of the 2D surface alloy.
We start our discussion with the growth and the struc-
tural characterization of the Dy-Ag surface alloy on the
Ag(111) substrate. The adsorption of 1/3 monolayer
(ML) of Dy on the clean Ag(111) surface at elevated sam-
ple temperature (575K) results in the formation of the
2D surface alloy with high structural quality as shown
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FIG. 1: (a),(b): STM images of a DyAg2/Ag(111) film
recorded with UBias = 30mV (I= 0.07nA). The inset in
(b) was extracted from the region marked by a black dotted
square and shows the local arrangement of the Dy atoms, the
dark areas in (b) arise due to the Moiré pattern. (c): LEED
pattern of the DyAg2 structure recorded at E=55 eV and room
temperature. The left half of the diffraction data is superim-
posed with the simulated LEED pattern of a (
√
3×√3)R30◦
superstructure. The red arrows mark the reciprocal unit cell
of Ag(111), the green arrows the one of the DyAg2 surface
alloy. (d): Enlarged momentum space region around the first
order diffraction spots of the (
√
3×√3)R30◦ superstructure.
The blue circles correspond to a selected number of diffraction
spots simulated for a 16× 16 superstructure.
in the large scale scanning tunneling microscopy (STM)
image in Fig. 1(a). We find a homogeneous growth of the
surface alloy on the Ag terraces with a very low defect
density. The hexagonal pattern of the Dy-Ag film – vis-
ible as dark spots in Fig. 1(a) – is not due to the atomic
unit cell of the Dy-Ag surface alloy but can rather be at-
tributed to a long range ordered Moiré structure, similar
to the one reported recently for other rare-earth noble
metal surface alloys15. A more detailed view onto the
local atomic structure of the Dy-Ag surface alloy can be
obtained in the high resolution STM image in Fig. 1(b).
Besides the Moiré superstructure which appears as bright
and dark areas, the STM image is dominated by a hexag-
onal lattice of bright protrusions with a periodicity of
(5.1 ± 0.15)Å. The unit cell of this superstructure is
marked as green hexagon in the inset of Fig. 1(b). The
structural parameters of the Dy-Ag superstructure are
fully in line with those of a (
√
3 × √3)R30◦ superstruc-
ture, i.e, with the superstructure commonly observed for
surface alloys between heavy metals as well as rare-earth
atoms and fcc(111) noble metal surfaces4,11,12. Conse-
quently, we propose that the unit cell of the Dy-Ag sur-
face alloy consists of one Dy atom and two Ag atoms
forming a long-range ordered DyAg2 surface alloy on the
Ag(111) substrate.
A closer inspection of different local areas of the
DyAg2 surface alloy on a single Ag terrace reveals a
non-uniformity of the Moiré superstructure leading to a
non-equidistant distribution between the dark and bright
areas in Figs. 1(a),(b). Interestingly, these local non-
uniformities do not lift the long-range crystalline order
of the Dy-Ag surface alloy. This is clearly visible in the
low energy electron diffraction (LEED) pattern of the
Dy-Ag surface alloy in Fig. 1(c), which exhibits intense
diffraction spots with narrow spot profiles even for high
diffraction order. For a more detailed analysis, we super-
imposed the left half of the LEED pattern with simulated
diffraction spots of the (
√
3 × √3)R30◦ superstructure
(green circles). As a reference, the simulated diffraction
spots of the bare Ag(111) surface are included as red cir-
cles. We find that the position of the first order diffrac-
tion spot of the simulated pattern does not coincide with
the one of the experimental pattern. This is most clearly
visible in that part of the diffraction pattern marked by a
blue square or in the close-up of the corresponding region
of the diffraction pattern in Fig. 1(d). Instead of a single
diffraction maximum, we find a multitude of diffraction
spots in this close-up which are arranged in a rhombic
pattern. All diffraction maxima of the LEED pattern
can be unambiguously explained by a 16×16 superstruc-
ture. A small number of diffraction spots of the Moiré
pattern are superimposed onto the diffraction maxima as
blue circles in the close up in Fig. 1(d). This large unit
cell (A = 46.24Å B = 46.24Å) of the superstructure can
be attributed to the periodicity of the Moiré pattern of
the binary Dy-Ag structure which is caused by the lat-
tice mismatch between the Dy-Ag surface alloy and the
Ag(111) surface grid. We believe that these exceptional
structural properties of the DyAg2 surface alloy are the
result of a non-uniform lattice strain in the adsorbate
system due to the size mismatch between the Dy and Ag
atoms15,16.
We now turn to the electronic properties of the DyAg2
surface alloy and start with the spin-integrated pho-
toemission results. These data were obtained using
synchrotron radiation from the BESSY II light source
(Helmholtz Center Berlin) with horizontal light polariza-
tion (s-polarization) and a photon energy of ~ω = 25 eV
at a sample temperature of ≈ 40K. The momentum re-
solved photoemission yield was recorded using a time-of-
flight momentum microscopy detector system which al-
lows us to access the entire momentum space distribution
of the valence band electrons above the sample surface
in a fixed experimental geometry17,18. Exemplary sym-
metrized constant energy (CE) maps of the momentum
microscopy data set are shown in Figs. 2(a) and (b) for
two characteristic binding energies of the Dy-Ag surface
band structure. The surface Brillouin zone (SBZ) of the
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FIG. 2: Constant energy maps of the DyAg2 band struc-
ture at EB = 0.2 eV (a) and EB = 0.8 eV (b). The surface
Brillouin zone of the Ag(111) surface is sketched in red, the
high symmetry directions are marked by dashed red lines.(c)
Simulation of the surface umklapp processes of the Ag(111)
sp-bands due to the formation of a (
√
3×√3)R30◦ superstruc-
ture. The left half of the CE map shows the surface umklapp
simulation of the Ag bands at at EB = 0.8 eV, the right half
the emission pattern of the DyAg2 surface alloy recorded at
EB = 0.8 eV. (d) Band structure cut through the momentum
microscopy data cube of DyAg2 surface alloy along the Γ¯ M¯
direction of the Dy-Ag superstructure. The green curve is in-
cluded as a guide to the eye to illustrate the band dispersion
of the Dy-Ag hybrid surface state, the red curve marks the
one of a back-folded Ag band.
Ag(111) surface is marked by a red hexagon and the high
symmetry directions Γ¯ M¯Ag and Γ K¯Ag by red dashed
lines. Both CE maps reveal an almost vanishing intensity
in the center of the SBZ (close to Γ¯-point) for all binding
energies which is attributed to the experimental geome-
try and the light polarization used in the experiment24.
Only the sp-bands are visible within the first SBZ, which
are located close to the SBZ boundary. In contrast, the
photoemission yield increases significantly for larger mo-
menta, i.e., for the second Brillouin zones, and reveals
distinct momentum dependent emission patterns. We
find a triangular shaped emission feature for both bind-
ing energies along the Γ¯ M¯Ag direction, while the emission
feature at the Γ¯ K¯Ag direction exhibits a ring-like shape
at EB = 0.8 eV which transforms into a dot-like emission
at EB = 0.2 eV. This energy and momentum dependent
spectral intensity at the K¯Ag-point is consistent with a
parabolic dispersion of a hole-like state as expected for
a hybrid surface state of a heavy metal/rare-earth alloy
formed on a noble metal surface4–9,15.
To further support the assignment of this state to
the hybrid surface state of the DyAg2 surface alloy, we
simulate the expected momentum resolved photoemis-
sion yield of the Ag(111) surface due to photoelectron
diffraction from Ag bulk states at the periodic Dy-Ag
superstructure. This so called surface umklapp pro-
cess is frequently observed for 2D superstructures on
metallic substrates and can severely influence the in-
terpretation of photoemission results of complex hybrid
interfaces21–23,25. Our simulation of the surface umk-
lapp process at the DyAg2/Ag(111) interface is based on
experimental data of the bare Ag(111) surface recorded
under identical experimental conditions. For simplicity,
we simulated the surface umklapp process only for the
(
√
3 × √3)R30◦ superstructure without considering the
Moiré pattern observed in our LEED and STM data. The
simulated CE map is shown in the left half of the CE map
in Fig. 2(c). For comparison, the right half shows the ex-
perimental CE map of the DyAg2 surface alloy which
we recorded at the same energy (EB = 0.8 eV). The red
hexagon marks the SBZ of the Ag(111) surface, the green
hexagons illustrate the smaller SBZs of the DyAg surface
alloy. Most importantly, no photoemission intensity can
be observed at the K¯Ag-point in the surface umklapp
simulations (left half of CE map in Fig. 2c), which un-
ambiguously proves that the ring-like emission features
at the K¯Ag-point are an intrinsic spectroscopic signal of
the Dy-Ag surface alloy. Crucially, the K¯Ag-point of the
Ag SBZ is equivalent to the Γ¯Dy of the second SBZ of the
DyAg2 surface alloy, i.e., the new hybrid surface state is
centered at the Γ¯Dy point of the SBZ.
We conclude that the formation of a DyAg2 surface
alloy gives rise to a new Dy-Ag hybrid state at the Γ¯-
point of the SBZ of the 2D superstructure. The band
dispersion of this hybrid surface state extracted at the
Γ¯Dy(1)-point is shown in Fig. 2(d). The shape of the
hybrid band is indicated by a green curve as a guide to
the eye. It clearly reveals the dispersion of a hole-like
state, in analogy to all hybrid surface states reported for
surface alloys on fcc(111) noble metal surfaces4–9,15. In
addition, we observe the appearance of a second band at
larger binding energies indicated by a red curve as well as
a non dispersive state close to EF. While the latter can
be attributed to the localized 4f states of Dy, the former
band is due to a backfolded sp-substrate band.
The complex spin structure of the Dy-Ag hybrid va-
lence band structure can be revealed by using the spin-
filter branch of the momentum microscope18. Spin se-
lectivity is obtained by the spin-dependent scattering of
the photoelectrons at the Ir(001) scattering target for
two characteristic scattering energies with distinct spin
asymmetry at 12.5 eV and a negligible spin asymmetry
at 19.0 eV20. In this way, we can obtain spin resolved
CE maps of the entire valence band structure of the Dy-
Ag surface alloy. Five selected spin-resolved CE maps
in the energy and momentum space region of the Dy-
Ag hybrid surface state are shown in Fig. 3(a). The
red and blue colored regions in these CE maps indicate
bands of positive and negative spin polarization, while
grey color corresponds to unpolarized spectral intensity.
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FIG. 3: (a) Spin resolved CE maps in the momentum space region of the Dy-Ag hybrid surface state at the Γ¯-point. (b) Band
structure cut through the hybrid surface state along the Γ¯ M¯ direction. Blue color indicates a negative spin polarization, red
contrast a positive spin polarization. Note that the top most constant energy map has strongly increased contrast in order
to compensate the decreased PE intensity near the Fermi level. (c) Spin resolved band structure calculation along the Γ¯ M¯
direction (left half) and spin-resolved density of Dy 4f states of the Dy-Ag surface alloy (right half). The colored arrows indicate
the binding energy of the CE maps shown in panel (a).
All CE maps reveal a distinct spin contrast in momen-
tum space which changes with binding energy. The CE
maps at EB = 1.8 eV and EB = 0.2 eV exhibit an al-
most homogeneous spin contrast of opposite sign in the
entire momentum space region. Interestingly, this non-
vanishing spin-polarization is not only visible at the mo-
mentum space regions of the distinct spectroscopic fea-
tures but also in the photoemission background point-
ing to the existence of two weakly dispersing states in
this energy range with opposite spin polarization. These
characteristic spectroscopic signatures can hence be as-
signed to the localized Dy 4f states. This conclusion is
further supported by the corresponding energy vs. mo-
mentum cut in Fig. 3(b) which was extracted in this mo-
mentum space region along the Γ¯ M¯ direction. It reveals
two non-dispersing states of different spin polarization in
narrow energy ranges centered around EB = 1.8 eV and
EB = 0.2 eV, respectively. Based on the energy sequence
of the spin split Dy 4f states, we assign the spectroscopic
feature with positive spin polarization to the localized
Dy 4f states with majority spin character and the fea-
ture with negative spin polarization to the localized Dy
4f states with minority spin-character. Accordingly, all
spectroscopic features with positive spin polarization are
attributed to majority states and features with negative
spin polarization to minority states.
The spin contrast of the Dy-Ag hybrid surface state can
be extracted from the CE maps in Fig. 3(a) recorded at
EB = 1.2 eV, EB = 0.8 eV, and EB ≈ −0.1 eV. Below EF,
we find a ring-like emission feature with marginal major-
ity spin character (red) which is surrounded by a hexag-
onal emission pattern with negative (blue) spin contrast.
In the energy vs. momentum cut in Fig. 3(b), the nega-
tive spin polarization coincides perfectly with the disper-
sion of the backfolded sp-bands of the Ag(111) surface in-
dicating a spin selectivity of the surface umklapp process
at the Dy layer. On the other hand, the small positive
spin polarization does not follow the band dispersion of
the Dy-Ag hybrid surface state, but is located in the pho-
toemission background. Interestingly, the Dy-Ag hybrid
state itself exhibits only a negligible spin contrast in this
binding energy range. However, we find a ring-like emis-
sion with clear majority spin character in the high-energy
cutoff of the Fermi distribution, i.e., at EB ≈ −0.1 eV,
which becomes only visible when enhancing the intensity
contrast of this CE map. This spin-polarized band does
not appear in the band structure in Fig. 3(b) due to the
very small intensity of spectroscopic signatures above EF
and the intensity scale of the energy vs. momentum cut
which was optimized for the occupied part of the valence
band structure. We propose that this band with major-
ity spin character can be assigned to one spin branch of
the hole-like Dy-Ag hybrid surface state.
To gain further insight into the origin of the spin po-
larized band structure of the Dy-Ag surface alloy, we per-
formed density functional theory (DFT) calculations us-
ing the FLEUR ab initio package26 with the full potential
linearized augmented plane wave basis (FLAPW). For
the calculations, we selected the LDA-VWN exchange
and correlation functional27 and considered the Coulomb
correlation by a Hubbard parameter U = 1.0 eV and an
exchange interaction parameter J = 0.7 eV28,29. The
plane wave cutoff was set to Kmax = 4.3 Bohr−1 and
733 k-points were considered in the full Brillouin zone.
The Dy-Ag surface alloy was modeled by a supercell com-
posed of 1 Dy atom and 8 Ag atoms resulting in one layer
of the DyAg2 surface alloy and 2 layers of the Ag(111)
substrate. The vertical relaxation of the Dy atom with
respect to the Ag surface plane was fixed to 0.6Å.
The calculated spin-resolved band structure along the
5Γ¯ M¯ direction is shown in the left part of Fig. 3(c). We
find an overall excellent agreement between the exper-
imental band structure and the DFT+U calculations.
Our band structure calculation predicts the existence of
two non-dispersing states of opposite spin character in
the Dy-Ag valence band as well as the formation of a
hole-like Dy-Ag hybrid state centered at the Γ¯-point of
the SBZ in agreement with our experiment. The non-
dispersing bands can be attributed to the localized Dy 4f
states. The orbital projected density of states in this en-
ergy range is dominated by contributions of Dy 4f states
as shown in the right half of Fig. 3(c). The calculations
further reveal a vanishing exchange splitting of the Dy-Ag
hybrid state for binding energies larger than EB = 0.2 eV,
i.e., for energies below the position of the minority Dy 4f
band (negative spin polarization). Only for binding en-
ergies around the Fermi energy, the Dy-Ag surface state
reveals an exchange split of ∆EEx = 120meV. One spin
branch with a hole-like dispersion and majority spin char-
acter is located right at the Fermi energy, the second
branch with minority spin character is shifted by 120meV
towards the vacuum level. Hence, the exchange splitting
of the Dy-Ag hybrid surface state as well as of the lo-
calized Dy 4f states both in theory and experiment are
clear spectroscopic fingerprints for the formation of a long
range ordered ferromagnetic phase in the DyAg2 surface
alloy on Ag(111). Our DFT+U simulation moreover pre-
dicts a magnetic spin moment of µDy = 4.3µB per Dy
atom and a marginal magnetic moment on the Ag sites
of the order of µAg = 0.003µB.
Interestingly, the best agreement between experiment
and theory was obtained for a Coulomb interaction con-
stant (Hubbard parameter) U= 1.0 eV. This value is
surprisingly small compared to previous DFT+U calcu-
lations of bulk materials containing Dy30,31 and hence
points to a highly efficient screening of the electron cor-
relations of the Dy 4f electrons by the host material Ag.
This underlines the important role of the Dy-Ag interac-
tion for the overall spin-dependent and magnetic proper-
ties of the surface alloy.
In conclusion, the present experimental and theoreti-
cal investigation of the spin-dependent electronic struc-
ture of a Dy-Ag surface alloy reveals clear spectroscopic
indications for the formation of a low-dimensional ferro-
magnetic phase at low sample temperature of 40K. Using
spin-resolved momentum microscopy, we found a signif-
icant spin-split of the localized Dy 4f states as well as
an exchange split hole-like Dy-Ag hybrid surface state in
the center of the SBZ. We propose that the long range
order of the localized Dy moment is mediated by this
Dy-Ag hybrid surface state. As a consequence, the mag-
nitude of exchange splitting of the hybrid surface state
crucially depends on the strength of the indirect, RKKY-
like exchange coupling in the alloy layer as well as on
the localized magnetic moments of the rare earth atoms.
Considering the high tunability of binary surface alloys,
our findings lay the foundation for tailoring and control-
ling the spin order and the spin-dependent charge carrier
properties in low dimensional structures by surface alloy-
ing.
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